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Secondary defects induced by ion implantation in silicon after annealing have been previously
shown to vary with the implantation and annealing conditions. However, in the low dose implants,
well below the amorphization dose, the defects have been predominantly characterized to be
interstitial in nature. In this article, we study the effect of implant temperature on secondary defects
created by 1 MeV Sn implantation to a dose of 331013 cm22 after subsequent annealing. We report
a variation in the defect microstructure with implant temperature showing preferential formation of
small interstitial loops for 2191 °C and only rod-like defects for similar implants carried out at
300 °C. We conclude that these microstructures are a result of the dense cascades created by heavy
Sn ions, creating local amorphous pockets in the implant damage region at the lowest implant
temperatures. The variation of the microstructure with implant temperature is interpreted in terms of
the effect of dynamic annealing over the defects formed in silicon. © 2001 American Institute of
Physics. @DOI: 10.1063/1.1340602#I. INTRODUCTION
Ion implantation constitutes an important part of semi-
conductor processing leading to the fabrication of integrated
circuits. The reduction in device size is creating a need for
fundamental research with an aim to create appropriate com-
puter simulations, capable of predicting ion implantation in-
duced defects and their role in dopant diffusion. The various
implantation and annealing parameters influencing defect
formation still need to be studied and their effect understood.
The damage created by ion implantation into silicon gener-
ally anneal out but above a certain dose known as the critical
dose, dependent on the annealing temperature, extended de-
fects are usually formed. Various articles have studied this
critical dose using transmission electron microscopy ~TEM!,1
deep level transient spectroscopy,2 or both techniques3,4 and
photoluminescence.5,6 A range of extended defects ~for a re-
view see Ref. 7! induced by ion implantation have been re-
ported in Si, namely $113% rod-like defects,8–10 faulted Frank
loops, perfect loops, $111% rod-like defects,11 and voids. The
$113% defects have the highest energy configuration and have
been shown to unfault into Frank a/3^111& loops.12 The lat-
ter have been well known to unfault into perfect loops of
a/2^110& which have the lowest energy configuration. The
defects observed in Si have been primarily extrinsic defects,
i.e., interstitial in nature except for voids and some intrinsic
loops observed in Si substrate in GeSi/Si layers.13
The Frenkel pairs generated by the collision cascades
during implantation are believed to anneal out, leaving one
extra ion injected from implantation, described as the 11
a!Electronic mail: jw1109@rsphysse.anu.edu.au2550021-8979/2001/89(5)/2556/4/$18.00
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in the 11 model and Schreutelkamp et al.1 have proposed
that the criterion for secondary defect formation is the total
number of displaced silicon exceeding a critical value. This
can explain the general trend observed for the difference ob-
served in the critical dose with the mass of the implanted
ion.2–4 Furthermore, transient enhanced diffusion ~TED! was
observed to be different for different implanted species mak-
ing the 1n model a more universal formulation for simulat-
ing TED of B due to implantation damage.15,16
II. EXPERIMENT
Czochralski p-type Si wafers of ~100! orientation were
implanted with 1 MeV Sn to a dose of 331013 cm22 at
various implant temperatures ranging from 2191 to 300 °C.
The range of 1 MeV Sn implant is around 4000 Å and a dose
of 331013 Sn cm22 is well below the amorphization thresh-
old for Sn implants in Si. The samples were then annealed at
800 °C for 15 min. Cross-sectional samples with foil normal
close to the ^011& direction were prepared by mechanical
polishing and ion beam thinning using a Gatan duo mill. The
latter was operated at 4 kV using room temperature and liq-
uid nitrogen stages for annealed and as-implanted samples,
respectively. Plan view samples were prepared by conven-
tional chemical etching. Both cross-sectional and plan view
samples were examined by TEM using a Philips EM430 in-
strument and a Philips CM300 operated at 300 and 200 keV,
respectively. The convention used for the coordinate system
is defined with the implant surface normal as @100# and the
cross-section sample foil normal as @011#. Trace analysis was
used to determine the habit plane of loops. Defects were6 © 2001 American Institute of Physics
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fects determined with the invisibility criteria satisfied for at
least 2 reflections wherever possible. Rutherford backscatter-
ing and channeling ~RBSC! was carried out on both as-
implanted and annealed samples to assess any differences in
the damage or stress around the implant region.
III. RESULTS AND DISCUSSION
Figure 1 shows the channeling RBS spectra of the as-
implanted samples implanted with 1 MeV Sn ions to a dose
of 331013 cm22 at different implant temperatures. The
sample implanted with Sn at 2191 °C shows a high dechan-
neling level at the implant depth which is close to the ran-
dom height. With increasing implant temperature, the
dechanneling occurring at the implant depth decreases indi-
cating that the amount of damage created by implantation
was significantly lower for the samples implanted at higher
temperatures. The samples implanted at an elevated tempera-
ture of 300 °C had a channeling level close to the virgin
silicon. The sample implanted at 2191 °C was also exam-
ined by cross-sectional transmission electron microscopy
~XTEM! to ascertain the extent of amorphization in the as-
implanted sample. We observe a speckled band at a depth of
’1750–3500 Å presumably due to lattice strains around
many tiny amorphous regions created by the Sn implant.
Furthermore, thickness fringes were visible near the surface
of the sample confirming that the implanted layer did not
become completely amorphous.
Dislocation loops were present in some of the annealed
samples @see Figs. 2~a!, 2~b!, 3~a!, and 3~b!#. Two types of
loops were observed, both with a $111% habit plane: ~a! per-
fect loops with Burgers vector of type a/2^011& oriented at
an angle of 54.8° to the loop plane ~examples are marked
with a P prefix! ~b! faulted Frank loops with Burgers vector
of type a/3^111& perpendicular to the loop plane ~examples
are marked with an F prefix!. Diffraction contrast experi-
ments were required to differentiate between perfect and
FIG. 1. RBSC spectra of Si wafers as-implanted with 1 MeV Sn to a dose of
331013 cm22 with implant temperatures with the random level indicated in
solid line.Downloaded 10 Oct 2007 to 150.203.178.60. Redistribution subject tfaulted loops and used two distinct image characteristics: ~1!
Perfect loops showed no internal contrast since they contain
no internal stacking fault. However, faulted loops can have
very weak stacking fault contrast under certain imaging
conditions.17 As a result, confusion was avoided by record-
ing images using both forward and reverse g with several
different g.18 ~2! The perfect loops always showed stronger
diffraction contrast than faulted loops because perfect loops
generally had a higher g"b value due to their Burgers vectors
being longer.
We could not apply the criterion used in other studies19
to separate perfect loops from faulted loops on the basis of
shape since none of our loops appear faceted. We established
FIG. 2. XTEM micrographs of Si wafers implanted with 1 MeV Sn to a
dose of 331013 cm22 after annealing at 800°C for 15 min with different
implant temperatures ~a! 2191 °C, ~b! 8 °C, and ~c! 300 °C.o AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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not of the hexagonal shapes reported elsewhere.19,20 Indeed,
Jenkins et al.17 observed faceting of loop edges parallel to
^110& directions for loop sizes of 100 Å, but not for loop
sizes ,50 Å. The lack of faceting for smaller loops can be
explained by an Ostwald ripening process similar to the one
observed for precipitates.21,22 We also point out that our g/3g
weak-beam images using 200 or 300 keV electrons with in-
herently smaller values of deviation parameter would be a
little less sensitive to the presence of very small facets in
comparison to the study of Jenkins et al.17 where 100 keV
electrons were used. For faulted loops, we note that the ab-
sence of faceting or hexagonal shapes is likewise in contrast
to faulted loops observed in our own earlier studies.4
The annealed sample implanted at 2191 °C analyzed by
RBS showed a channeling spectrum identical to the virgin
silicon, clearly indicating that the damaged silicon was sub-
stantially recrystallized by annealing. This sample was also
studied by both XTEM and plan view transmission electron
microscopy ~PTEM! in detail. Figure 3~a! shows a band of
small loops at a depth of 3000 Å and rod-like defects at a
depth of 5000 Å. From the PTEM study of a large number of
loops ~see Fig. 3!, their average diameter is 140 Å and stan-
dard deviation 40 Å. The faulted loops are generally circular
in shape and are unfaceted while the perfect loops showed
preferential elongation along one ^110& direction. As an ex-
ample, in Fig. 3~a!, it is clear that P3 and P4 have an elon-
gation much larger than that expected from the $111% loops’
inclination to the ~100! foil. As observed in Ref. 20, such
FIG. 3. PTEM micrograph of Si wafers implanted with 1 MeV Sn to a dose
of 331013 cm22 after annealing at 800°C for 15 min with implant tempera-
ture ~a! 2191 °C and ~b! 8 °C.Downloaded 10 Oct 2007 to 150.203.178.60. Redistribution subject tperfect loops have a Burgers vector along that ^110& perpen-
dicular to the ^110& direction of elongation. This particular
configuration of the loop made it harder to satisfy the true
invisibility criterion, i.e., both g"b and g"bˆu zero. For in-
stance, loop P3 has a (1¯11¯ ) habit plane with a @101¯ # elon-
gation direction and a @101# Burgers vector. In Fig. 3~a!, the
imaging g is 04¯0 and P3 is visible even though g"b˜0 as
g"bˆu¯0 especially for the long segments of the loop. True
invisibility was only achieved for P3 when imaged with
g˜202¯ at the @1¯11¯ # zone axis when both the g"b and g"bˆu
are zero. In this sample ~-191 °C!, about 50% of the loops
are faulted. All loops are interstitial as confirmed by conven-
tional characterization procedures.20
XTEM and PTEM examination of the sample implanted
at 8 °C after annealing also showed the formation of faulted
loops, perfect loops, and rod-like defects. However, in this
sample the loops are located further from the surface than
those in the 2191 °C sample @see Fig. 2~b!#. Perfect loops
were observed as deep as 6750 Å which corresponds to the
depth of the end of range of the implant. Figure 3~b! shows a
typical image of the plan view sample implanted at 8 °C. The
circular loops are predominantly faulted Frank loops, while
the a/2^110& elongated loops are perfect. In contrast to the
sample implanted at 2191 °C, the loops have a larger aver-
age diameter of 220 Å and standard deviation of 50 Å. About
90% of the loops are faulted @Figure 3~b!#. All loops are
interstitial.
The sample implanted at an elevated temperature of
300 °C was also studied by TEM. Both cross-sectional @Fig.
2~c!# and plan view samples showed $311% rod-like defects
but no loops. The RBS spectrum of this annealed sample
shows that the implanted layer has recrystallized very well
and confirms the limitations of RBS to determine the type of
defects created.7
The dramatic difference in microstructure ~see Table I!
resulting from the implant temperature difference needs ex-
plaining, particularly since such a large difference in micro-
structure has been produced entirely by change in implant
temperature in the subamorphous dose regime. We did not
observe such a difference in the microstructure with implant
temperature in Si implanted samples.18 It is not surprising to
observe loops for a heavy implant species such as Sn. Yet, it
is surprising to find the complete suppression of loop forma-
tion by increasing the implant temperature. Local amorphous
regions resulting from dense cascades have been widely pre-
dicted by various articles both theoretical23 and
experimental,24 and such regions have been confirmed by
TEM.25 Amorphous layers generally recrystallize leaving the
TABLE I. Defect characteristics in Si samples implanted at various tem-
peratures with 1 MeV Sn ions.
Implant
temperature
~°C! Loop diameter ~Å! % of faulted loops RLDs
2191 140640 50% Some
8 220650 90% Some
300 No loops fl Yes, RLDs only
RLDs–rod-like defectso AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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cies such as Sn are likely to create local amorphous regions
which presumably transform into loops during thermal pro-
cessing. It is well known that the implant temperature deter-
mines the amount of dynamic annealing of the implant dam-
age and as a result, elevated temperatures may suppress the
formation of local amorphous zones and therefore of loops.
Furthermore, dislocation loops are generally created in sili-
con subjected to amorphizing implants26 whereas rod-like
defects are usually formed in less-damaged silicon subjected
to implants below amorphization doses—the trend from
loops to rod-like defects with increasing implant tempera-
tures in our Sn-implanted materials is consistent with de-
creasing implant damage.
IV. CONCLUSION
In conclusion, the nature of secondary defects are influ-
enced by implant temperature for heavy ion implantation in
Si in the subamorphous dose regime. We have shown that
higher implant temperature can suppress the formation of
interstitial loops induced by Sn implantation in Si, resulting
only in rod-like defects in samples implanted at 300 °C. Fur-
thermore, from implants at 8 and 2191 °C, we observed a
tendency for smaller loops to form at lower temperature, also
for a smaller proportion of these to be faulted. This is attrib-
uted to the dense cascades created by the heavy Sn ions
resulting in amorphous zones, the formation of which is
strongly suppressed due to enhanced dynamic annealing at
higher implant temperature.
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